Objectives: To investigate the effect of subinhibitory concentrations of ciprofloxacin, streptomycin, trimethoprim, ampicillin and erythromycin on mutation frequency in Streptococcus pneumoniae.
Introduction
The ability of bacteria to generate mutations with increased frequency under conditions of environmental stress may confer a selective advantage. A number of stress response mechanisms that increase mutation frequency have been characterized, mostly for Escherichia coli. The presence of antibiotics, even at low concentrations, may constitute an environmental stress, and several studies have described the induction of a hypermutator phenotype in E. coli by sublethal concentrations of antibiotics. For example, low concentrations of quinolone induce the SOS response, resulting in increased mutation largely through the induction of error-prone DNA polymerases. 1, 2 In addition, SOS-independent induction of error-prone DNA polymerase IV, encoded by dinB, was recently reported to result in an increased mutation rate in the presence of b-lactam antibiotics. 3 A further mechanism, dependent on recABC, has been described to explain an increased mutation frequency in the presence of streptomycin. 4, 5 The potential for antibiotics to promote increased rates of mutation has clear implications for the evolution of antibiotic resistance among bacterial pathogens, but it is currently unclear whether these data for E. coli can be extrapolated to bacteria from other taxa. Streptococcus pneumoniae lacks the classical SOS response as defined by phenotype, in that UV light does not result in increased mutation. 6 Furthermore, no homologue of the LexA repressor, which is central to induction of the SOS response in E. coli, 7 nor of DinR, the LexA analogue in Bacillus subtilis, 8 can be identified in the genome sequence. 9, 10 The S. pneumoniae genome does include a gene identified as dinB, predicted to encode DNA polymerase IV, but not umuDC, which would encode the error-prone DNA polymerase V considered to be mainly responsible for the increased mutation seen in the E. coli SOS response. 11, 12 In the present study we investigated the effect of subinhibitory concentrations of five antibiotics on mutation frequency and transformation frequency in three clinical isolates of S. pneumoniae, including a natural deletion mutant of dinB. 
Materials and methods

Bacterial isolates and culture conditions
Isolates of S. pneumoniae PN94/661 (serotype 9V), PN94/361 (6B) and PN93/1719 (14) were selected from a collection described previously; PN94/661 and PN93/1719 represent clones that are commonly isolated in the UK. 13, 14 R6 Rif was selected as a rifampicin-resistant mutant of the laboratory strain R6 15 by spreading 10 8 cfu on to plates containing 2 mg/L rifampicin. Liquid cultures were grown in brain heart infusion (BHI) broth (Oxoid, Basingstoke, UK) with addition of 2% horse serum (Oxoid), unless otherwise specified. Plate cultures were grown on Iso-Sensitest agar (Oxoid) containing 5% defibrinated horse blood (Oxoid). All cultures were incubated at 37 C in 5% atmospheric CO 2 ; when colonies were to be counted, plates were incubated for 48 h.
Determination of mutation frequency
Overnight growth from a blood agar plate was suspended in BHI broth and diluted to produce 10 mL cultures with an OD 620 of 0.1. After incubation for 6-8 h, until OD 620 exceeded 0.4, 1 mL aliquots were mixed with 0.3 mL amounts of sterile glycerol and frozen at -70 C to provide a stock for mutation frequency experiments. The viable count in the stock and the number of pre-existing rifampicinresistant mutants were determined prior to freezing. To determine frequency of mutation to rifampicin resistance, 10 mL BHI broths were inoculated with 0.1 mL of a 10 -2 dilution of the stock starter culture. Cultures were incubated at 37 C until no further increase in OD 620 was detected (7-8 h); then the viable count and number of rifampicin-resistant mutants were determined by spreading triplicate 0.2 mL samples on to plates containing 2 mg/L rifampicin, and appropriately diluted samples were plated on to non-selective plates. For determination of mutation frequency with subinhibitory concentrations of antibiotic, ampicillin, ciprofloxacin, erythromycin, streptomycin or trimethoprim was added to the BHI broths prior to incubation at the maximum concentration found to allow normal growth for each isolate, as monitored by optical density (see Table 1 ).
Determination of transformation frequency
DNA for transformation was extracted as described previously 16 from R6 Rif . Stock starter cultures (as described above) were inoculated into 3 mL of CAT medium at a 10 -2 dilution. Where appropriate this medium was supplemented with subinhibitory concentrations of ampicillin, ciprofloxacin, erythromycin, streptomycin or trimethoprim (Table 1) . After 3 h of incubation at 37 C, each culture was split into three 1 mL aliquots and (i) treated with 1 mg of colony stimulating peptide (CSP; 17 kindly provided by D. Morrison, University of Illinois at Chicago) and 10 mL of 1 M NaOH, (ii) treated with 10 mL of 1 M NaOH or (iii) left untreated. All cultures were incubated for a further 20 min at 37 C, after which donor DNA (10 mL) was added to aliquots (i) and (ii). All three cultures were then incubated at 30 C for 30 min and then at 37 C for a further 2 h. The frequency of rifampicin-resistant transformants (or mutants) was determined as above by plating appropriate dilutions on to selective and non-selective agar.
Characterization of dinB
Fragments incorporating dinB were amplified using PCR from S. pneumoniae isolates by standard methods. Crude DNA extracts were prepared by heating cell suspensions to 99 C for 10 min and sedimenting cell debris. Amplification was performed using ReddyMix 1.1 (Abgene, Epsom, UK), with 30 cycles of 1 min of denaturation at 95 C, 1 min of annealing at 55 C and 1 min of polymerase extension at 72 C. Primers for amplification of the complete gene were: dinBLF1, CAGCCATACGGATACCACC, -750 to -730; and dinBRR1, GTGAAAGCCGGAGAACTCTT, +1417 to +1397 (numbered relative to the start codon). Additional primers used for sequencing were: dinBRF1, ATCGAGATCTTCGGTAT-CAAGTCAGCGGTC, +388 to +408; dinBLR1, CCTTGGGC-CCGCTCGAATCTGGAGTCCCAC, +311 to +291; dinBmidIIF1, ACCTGTAGCTATGAGGCTCGA, +174 to +195; dinBmidIIR1, GATTGAGAGCGACTTTTTCTG, +868 to +847; dinBmidF1, CCAGGCCGTCTTTATCTCAG, +248 to +268; and dinBmidR1, AAAACGCCCATTTGATGAAG, +641 to +621. DNA sequences were determined at the Genome Centre of Barts and the London School of Medicine and Dentistry on a Prism 3700 sequencing apparatus (Applied Biosystems, Warrington, UK), using the end terminator chemistry kit BigDye v2.0 (Applied Biosystems).
Statistical analysis
Mutation and transformation frequency data, which are nonparametric, were analysed using the Mann-Whitney U-test, performed with the StatsDirect 2.3 software package.
Nucleotide sequence accession number
The nucleotide sequence data reported in this study have been assigned GenBank accession number DQ263607.
Results
Effect of subinhibitory concentrations of antibiotics on mutation frequency
Mutation to rifampicin resistance represents a convenient assay for spontaneous point mutation that has been widely applied to both Gram-negative and Gram-positive bacteria, including S. pneumoniae. 18, 19 Resistance in pneumococci can be conferred by a number of missense mutations within rpoB.
20,21 Five antibiotics were examined as possible modulators of mutation frequency, selected to represent different mechanisms of action: ampicillin, ciprofloxacin, erythromycin, streptomycin and trimethoprim. Isolates were initially inoculated into broths with a range of antibiotic concentrations below MIC, and growth was monitored by optical density. The highest concentration giving a growth rate and maximum OD close to normal was chosen for testing the impact on mutation frequency, except that for PN93/ 1719, which was macrolide resistant, erythromycin was used at the same concentration as in the other two isolates (Table 1) . Microscopic examination of the cultures grown in the presence of antibiotics did not reveal any morphological abnormalities, such as extended chain length, that might lead to anomalous results. In each experimental run for determination of mutation frequency, a single aliquot of the starter culture was used to inoculate six broths to which ampicillin, ciprofloxacin, erythromycin, streptomycin, trimethoprim or no antibiotic was added. For each isolate 14 or 15 runs were performed. The probability of pre-existing mutants being present in the inoculum was below 0.08 in all cases, as determined from their frequency in the starter culture. Mutation frequencies observed are plotted in Figure 1 , and median mutation frequencies are given in Table 2 (the use of 3.01 · 10 
Growth conditions
Mutation frequency Figure 1 . Frequency of mutation to rifampicin resistance observed after growth in BHI alone or with addition of antibiotics at subinhibitory concentrations (Table 1) . Horizontal bars indicate median values. P values are shown for distributions that were significantly different from the distribution with BHI alone.
medians rather than means prevents skewing by 'jackpot' cultures). When the data for all three isolates were pooled, ciprofloxacin and streptomycin were found to increase the median frequency of rifampicin-resistant mutants 3.4-and 2.7-fold, respectively. Statistical analysis demonstrated that these differences in distribution were highly significant (P < 0.01). A similar pattern was observed when each isolate was examined individually: median mutation frequencies were elevated at least 2-fold in the presence of either ciprofloxacin or streptomycin, although statistical significance was not always achieved. The effect of trimethoprim appeared to differ between isolates: median mutation frequency to rifampicin resistance was slightly decreased in PN94/661, but increased in PN94/361 and PN93/1719. The increase was significant for isolate PN94/361 (P = 0.02), and for the pool of PN94/361 and PN93/1719 (P = 0.0035). Median mutation frequencies were little changed in the presence of ampicillin or erythromycin. In addressing factors that could distort the interpretation of the results, we considered the impact of 'zero' results, where cultures produced no resistant colonies. The viable counts of cultures grown in the presence of antibiotics were consistently lower than those of cultures with no antibiotic (mean viable counts for the three isolates combined were 5.4 · 10 8 with ciprofloxacin, 6.1 · 10 8 with streptomycin and 9.1 · 10 8 with no antibiotic). Consequently, the threshold mutation frequency for detection was higher with antibiotics than without, meaning that antibiotic treatment could produce a zero result even with a real mutation frequency that exceeded the measured frequencies in the absence of antibiotic. Any distortion of the data from this factor would increase the value of P in comparisons where antibiotics increased mutation frequency, underrating rather than exaggerating the statistical significance.
Effect of subinhibitory concentrations of antibiotic on transformation frequency
Isolates PN94/361 and PN94/661, but not PN93/1719, were found to be induced to competence by the addition of CSP, 17 so the impact of antibiotics on transformation frequency was investigated for the first two isolates only (none of the three could be transformed without CSP). R6 Rif was used as the source of donor DNA. Since growth phase affects the induction of competence, growth of the isolates was monitored by OD 620 in CAT medium supplemented with antibiotics at the concentrations used to determine mutation frequency (Table 1) ; it was confirmed that these conditions did not alter the growth curves of the isolates. Nevertheless, when transformation was attempted, cultures grown with ampicillin (with and without addition of CSP, NaOH or DNA) consistently failed to reach normal cell densities, so transformation frequencies could not be determined with this compound. Figure 2 illustrates the transformation frequencies to rifampicin resistance in the presence of subinhibitory concentrations of antibiotic as determined in seven experimental runs for each isolate. These results suggest a difference between the two isolates in the response to ciprofloxacin, erythromycin and trimethoprim: median transformation frequency was decreased for PN94/361, whereas there was little change for PN94/661 in the presence of ciprofloxacin and erythromycin, and there was a 6-fold increase for trimethoprim (P = 0.07). For both isolates transformation frequency appeared considerably reduced in the presence of streptomycin, with a >6-fold reduction in the median values (P £ 0.05). Control cultures without DNA, as well as previously determined mutation frequencies, confirmed that point mutation did not contribute significantly to the number of rifampicin-resistant colonies obtained. None of the antibiotics used induced competence, since transformation was not detected without the addition of CSP.
Characterization of dinB in clinical isolates
The amplification product of dinB from PN94/661 was 400 bp shorter than expected, while PN94/361 and PN93/1719 gave products of the size predicted from the whole genome sequences. 9, 10 Sequence determination of the dinB locus from PN94/661 revealed a deletion of 359 bp from nucleotides 334-692 of the 1071 bp R6 (wild-type) coding region, and a deletion of 45 bp upstream of the start codon (Figure 3) . Any protein produced from the deleted dinB would share only the N-terminal 111 amino acids with the 357-amino-acid wild-type DinB, precluding any functional polymerase activity. Figure 2 . Graphs of frequency of transformation to rifampicin resistance observed after growth in CAT alone or with addition of antibiotics at subinhibitory concentrations (Table 1) . Horizontal bars indicate median values. P values are shown for distributions that were significantly different from the distribution with CAT alone.
Discussion
The combined results for three clinical isolates demonstrated that subinhibitory concentrations of ciprofloxacin and streptomycin caused an increase in the mutation frequency of S. pneumoniae. While the increase was relatively modest in scale (3.4-fold for ciprofloxacin and 2.7-fold for streptomycin), it was statistically significant and was comparable to the 4-fold increase in frequency of mutation to rifampicin resistance reported for isogenic hex (mismatch repair) mutants of S. pneumoniae.
22,23
Pitfalls in equating increased mutant numbers to an increased mutation frequency were considered. Any inhibition in cell division or separation, for example through D-Ala-D-Ala transpeptidase inhibition by b-lactam antibiotics, could result in colony forming units representing a larger number of genomes, which would in turn tend to overrepresent the proportion of resistant mutants. Microscopic examination of cultures grown in the presence of antibiotics demonstrated no evidence of morphological abnormalities or increases in the numbers of conjoined cells. Our experimental protocol did not rule out the possibility that growth in the presence of subinhibitory concentrations of ciprofloxacin or streptomycin might allow the organisms to grow and divide after plating on to rifampicin for a longer time than untreated cells, giving more opportunity for mutation to arise. However, while it has been reported that rifampicin may diminish the rate of killing of pneumococci by fluoroquinolones, 24,25 the inverse does not appear to be true in that fluoroquinolones do not reduce the killing activity of rifampicin alone. 24 hex mutants of S. pneumoniae demonstrate elevated transformation frequency as well as increased mutation frequency, since correction of mismatched recombination intermediates is impaired. 26, 27 In this study the presence of ciprofloxacin at levels that increased mutation frequency had no concomitant effect on transformation frequency. Streptomycin decreased the frequency of transformation for both isolates tested; it is plausible that even low concentrations of streptomycin may hinder the synthesis of new proteins required for the development of competence.
By analogy to mechanisms responsible for increased mutation frequency in response to antibiotics in E. coli, 2,3 we proposed to test the hypothesis that the predicted error-prone DNA polymerase of pneumococci, DinB, would be required to evoke an increase in mutation frequency. Fortuitously, it transpired that one of the isolates under study, PN94/661, was a natural deletion mutant of dinB. This organism nevertheless demonstrated very similar responses to ciprofloxacin and streptomycin to the two dinB + isolates, implying that induction of DinB is unlikely to explain the increased mutation frequencies observed with these agents.
In contrast, the effect of trimethoprim did differ among the isolates tested, with an elevated mutation frequency for the two dinB + clinical isolates and a reduced mutation frequency for PN94/661. Transformation results also suggested a different response to trimethoprim among the isolates: transformation frequency was decreased in PN94/361 but increased in the dinB mutant PN94/661. Trimethoprim has not previously been implicated in promoting mutation, to our knowledge. The significance of dinB deletion to these results requires further investigation. This work adds to a growing body of evidence that several antibiotics, and ciprofloxacin in particular, can promote an increase in mutation frequency at subinhibitory concentrations in diverse bacteria, now including S. pneumoniae as well as E. coli, Pseudomonas aeruginosa, Staphylococcus aureus and Mycobacterium fortuitum.
1,28,29 By analogy to E. coli, it is often assumed that these responses are effected through induction of error-prone DNA polymerases in an SOS-type response. However, this cannot be the case in pneumococci since key elements of the SOS response are absent and, as we have shown here, dinB is not required for the responses to ciprofloxacin or streptomycin, although it is implicated in the response to trimethoprim. Our results emphasize that E. coli is not a universal paradigm for understanding factors that regulate mutation frequency in other bacteria.
Antimicrobial therapy aims to target an infecting organism with lethal or inhibitory concentrations of antibiotic. However the antibiotic concentration in vivo often falls below the inhibitory level for some proportion of the dosage interval, and may fail to reach an inhibitory level in some body compartments. The increase in mutation frequency observed in the presence of subinhibitory concentrations of antibiotic implies that not only will antibiotic use select for resistant mutants, but it may also increase the likelihood that resistant mutants will arise. Currently, the emergence among S. pneumoniae of resistance to fluoroquinolones themselves, mediated by mutations (as well as lateral gene transfer) in chromosomal topoisomerase genes gyrA and parC, is of particular concern. 30, 31 Furthermore, since pneumococci are frequently carried asymptomatically in the nasopharynx of young children, they may be exposed to multiple rounds of antibiotics directed at the treatment of other infections. An effect of trimethoprim may be particularly significant in this context, since it is heavily used and has inherently marginal activity against pneumococci.
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